Abstract. The flow of rarefied gases through tubes of finite length due to a pressure gradient is investigated by the Direct Simulation Monte Carlo (DSMC) method. The non-equilibrium effects at the inlet and outlet of the tube have been considered by including in the computational domain large volumes of the upstream and downstream reservoirs. In addition, to improve the efficiency of the DSMC method, a non-uniform grid and several weighting zones in the axial and radial directions are implemented. Results are presented in dimensionless form and include the flow rate and several quantities of the flow field in terms of various values of the outlet to inlet pressure ratio and of the length to radius ratio in the whole range of the Knudsen number.
INTRODUCTION
Rarefied gas flows through orifices and short tubes are of great practical importance in several engineering and technological fields, such as vacuum pumping systems, equipment and devices for space applications, filtration through porous media and membranes and fabrication of semiconductors and microelectronics. Due to their importance they have been investigated by several authors. A detailed and comprehensive summary of published works related to rarefied gas flows through capillaries of finite length can be found in the review article [1] , while more recent results may be found in [2] , [3] and [4] . Since the flow in all these cases may be in the whole range of the Knudsen number, it seems that the most computationally efficient method to handle this specific type of flow configuration is the DSMC method [5] . As it is well known the DSMC method is very powerful in the case of high speed flows, while it becomes computationally expensive as the flow becomes slower and less rarefied. Therefore, although there is a significant amount of work in the simulation of rarefied gas flows through short tubes, it seems that additional research work is needed in order to provide a more complete data frame for a wide range of geometric and flow parameters.
Recently, Varoutis et al. [6] have solved, using an efficient version of the DSMC method, the flow of rarefied gases through tubes of finite length into vacuum, for several length to radius ratios over a wide range of the Knudsen number. In addition, various gas-surface interaction models and different types of intermolecular collisions have been implemented to study their effects on the flow characteristics. However, in all cases it was assumed that the pressure of the downstream was equal to zero. Here, this latter work is extended by including in the simulation several values of the pressure drop. In particular, in addition to the length to aspect ratio, which takes values between zero and ten the ratio of the downstream over the upstream vessel is taken equal to 0.1 and 0.5, while the rarefaction parameter, which is proportional to the inverse Knudsen number varies from zero (free molecular limit) up to 2000 (hydrodynamic limit). Numerical results are presented for the flow rate and several quantities of the flow field such as velocity, pressure and temperature distributions.
STATEMENT OF THE PROBLEM
Consider the flow of a monoatomic gas through a tube of radius R and finite length L connecting two semiinfinite reservoirs. Far from the inlet and the outlet of the tube there are equilibrium conditions and the pressures are maintained at P 0 and P 1 , while the temperature is the same and equal to T 0 . Due to the pressure difference there is a steady gas flow from the high towards the low pressure reservoir. Three parameters determine the solution of this flow configuration. The first one is a geometric parameter, namely, the length to radius ratio L/R of the tube. The other two may be considered as flow parameters. They are the rarefaction parameter δ, defined as ( ) ( 
COMPUTATIONAL SCHEME
The DSMC algorithm, recently developed and applied successfully to the simulation of rarefied gas flows through tubes of finite length into vacuum ( 1 0 P = ) [6] , is accordingly extended to include the case of arbitrary pressure drops ( ). The code is based on the NTC scheme [5] . Since the details of the algorithm are well described and thoroughly explained in previous works [3, 6] , here only the specific issues related to the present formulation are provided.
The main modification is related to the boundary conditions at the downstream reservoir. In the case of flow into vacuum ( ) during the free motion stage, particles may only get out of the computational domain of the downstream vessel, while no new particles are generated. Now, at the boundaries of both vessels particles may exit, while at the same time new particles are generated having the corresponding Maxwellians, defined by and (Fig. 1a) . In addition, three radial and seven axial weighting zones have been incorporated to ensure uniform distributions of particles at each cell (Fig. 1b) . The computational effort is significantly increased as the pressure ratio , the length to radius ratio and the rarefaction parameter Depending upon geometric data and flow conditions the number of model particles varies as . Also, the size of the largest cells is , while the total number of cells is about . Finally, since in previous works [3, 6] , the effect of the gas-surface interaction and intermolecular potential models has been studied, here we consider only the hard sphere model, while the reflection of molecules on the surfaces was assumed to be purely diffuse.
RESULTS AND DISCUSSION

Numerical calculations have been carried out for various values of
, for , 0.1, 0.5, 1, 2 and 5 and for , and . In Fig. 2 , the dimensionless flow rates W are presented for various values of in the whole range of
δ . In all cases the qualitative behaviour in terms of δ is similar. More specifically, starting from the free molecular limit ( 0 Fig.2 . It is also seen that when the pressure ratio is increased from zero to 0.1 the effect on W is small, while when the pressure ratio becomes 0.5 the reduction of W is significant. Even more, it is seen that the effect of on W is more dominant at rarefied rather than in dense atmospheres. For example, at 1 0
value of W for 1 δ = drops 46.2 % as the pressure ratio is increased from zero up to 0.5, while for and for the same pressure ration increase it drops only 4.9 %. Finally, as is increased, W is decreased. Again the reduction of W is more dominant for small rather than for large values of the rarefaction parameter. (Fig. 3 ) the velocity profile starts from its equilibrium value, which is equal to zero and it is increased up to some maximum value at the exit of the tube and then it starts to decrease becoming zero again far from the tube. Its maximum value at the tube exit depends strongly on and . As and/or are increased the maximum axial velocity is decreased. The flow though out the flow field for both pressure ratios remains subsonic. The pressure drop distribution is monotonic starting from its equilibrium value at the left reservoir and then it is dropped almost linearly along the channel reaching at its equilibrium value of the right reservoir very soon after the exit of the tube. The temperature distribution is not monotonic and has a minimum close to the exit of the tube and then it tends to its equilibrium value . In general, the temperature reaches its minimum values in the points where the axial velocity reaches its maximum values. Next, comparing the distribution profiles of Fig. 4, for , with the corresponding ones in Fig. 3 , it is seen that the whole picture is totally different. In Fig. 4 , none of the macroscopic distributions are monotonic, when . More important, it is seen that the spatial derivatives of all quantities have sharp variations and they have 
